Abstract. Interannual variations in background tropospheric trace gases (such as carbon monoxide, CO) are largely driven by variations in emissions (especially wildfires) and transport pathways. Understanding this variability is essential to quantify the intercontinental contribution to US air quality. 
Introduction
Trans-Pacific transport of pollution from Asia is welldocumented (Jaffe et al., 1999 (Jaffe et al., , 2003 Bey et al., 2001; Goldstein et al., 2004; Parrish et al., 2004; Singh et al., 2009) . Its effects on air quality in the downwind regions of the western US have been the focus of many recent studies (Wang et al., 2003; Akimoto, 2003) . With the objective of quantifying the contribution of foreign emissions to domestic air quality throughout the Northern Hemisphere, the United Nations Economic Commission for Europe has recently established an international Task Force on Hemispheric Transport of Air Pollution (HTAP 2007) .
To date, much work has been done towards understanding the processes controlling inter-continental transport. Wang et al. (2006) find that meteorology is most conducive to transPacific transport in the lower troposphere early in the spring (March and April) and in the mid-to upper-troposphere in May. Specifically, lifting ahead of southeastward-moving Published by Copernicus Publications on behalf of the European Geosciences Union. 558 D. R. Reidmiller et al.: Interannual variability of long-range transport at MBO cold fronts and convective transport (particularly from Southeast Asia) are the most important processes for such transport (Liu et al., 2003; Holzer and Hall, 2007) . Trans-Pacific transport of pollution typically occurs on timescales of 7-10 days in the mid-troposphere. Variability of this transport has been studied on timescales ranging from days to seasons to years and even decades (Allen et al., 1996; Liang et al., 2004 Liang et al., , 2005 Holzer and Hall, 2007; Fischer et al., 2009) . We have the unique capacity to investigate the interannual variability of Asian long-range transport through continuous measurements of multiple species from the Mt. Bachelor Observatory (MBO: 43.98 • N, 121.69 • W; 2.7 km above sea level (a.s.l.)), our free-tropospheric background site in operation since spring 2004 Weiss-Penzias et al., 2006) .
The rapid development of China over the past two decades has resulted in an increase in anthropogenic emissions (Irie et al., 2005; Richter et al., 2005) . Modeling studies and satellite observations have shown that the region's development has had noticeable effects on air quality in western North America (Akimoto, 2003; Zhang et al., 2008) . This pollutant burden originating in Asia has been detected at groundbased sampling stations in the western US (Jaffe et al., 2001; . Jaffe and Ray (2007) found a positive trend in surface ozone (O 3 ) at background sites in the western US from 1987 US from -2004 . While the authors do not assign a single cause, they note that the surge in O 3 precursor emissions (nonmethane-hydrocarbons and nitrogen oxides) from Asia is a likely contributor.
Motivated in part by these previous studies, the Intercontinental Chemical Transport Experiment (INTEX-B: http: //www.espo.nasa.gov/intex-b, Singh et al., 2009 ) took place during spring 2006 (15 April-15 May) with the objective of characterizing the pollution flowing into the West Coast of the United States, particularly from Asia. A collaborative effort among NASA, NCAR and a variety of university research groups, INTEX-B produced data from several platforms (ground-based, aircraft, remote sensing, model, etc.) . Among these was the University of Washington's Duchess aircraft which flew seven flights off the coast of Washington state; results from this analysis are presented by Swartzendruber et al. (2008) . Through an investigation of transPacific transport pathways, INTEX-B provided an opportunity to better understand the meteorological aspects of interannual variability in trace gases. Of particular interest during INTEX-B was the transport of Asian emissions to western North America.
Carbon monoxide (CO) is produced anthropogenically by the incomplete combustion of fossil fuels as well as by intentional biomass burning for agricultural purposes. It is also emitted naturally through wildfires and is a byproduct of the oxidation of methane and other hydrocarbons. With a tropospheric lifetime on the order of several weeks to months (depending largely on latitude and season) and relatively simple chemistry, an investigation of the spatiotemporal variability of CO allows a study into the relative influences of source regions, meteorology and chemical loss on its global distribution (Novelli et al., 1998; Holloway et al., 2000) . Interannual variability in CO is controlled by changes in emissions (particularly wildfires), transport pathways and the oxidizing capacity of the troposphere.
Many studies of the spatial and temporal variability of CO in the north Pacific exist, but as Granier et al. (1996) and others note, year-to-year variations in CO abundances are not well established. Holloway et al. (2000) examine how the three major sources of CO (fossil fuel combustion, biomass burning and oxidation of biogenic hydrocarbons and CH 4 ), as well as its main sink (reaction with OH), vary seasonally and globally. Khalil and Rasmussen (1988) detected a positive trend in global CO of 0.8-1.4%/yr during the 1980s, which they attributed to increasing anthropogenic emissions. Several years later the same authors (Khalil and Rasmussen, 1994) reported a global decrease in tropospheric CO concentrations of −2.6%/yr during the late 1980s and into the early 1990s. The authors attributed this trend to decreasing anthropogenic emissions in the Northern Hemisphere (mainly from pollution controls in North America and Europe) and potentially decreasing tropical biomass burning emissions in the Southern Hemisphere. These studies exemplify the need for caution in reading too much into the existence of "trends" in CO and highlight the need to understand the highly variable interannual changes in CO.
Recently, Szopa et al. (2007) utilized surface measurements and model results from 1997-2001 to quantify the relative contributions of biomass burning emissions and meteorology to interannual variations in CO concentrations. They found that, at latitudes greater than ∼60 • , CO interannual variability is controlled almost equally by variations in wildfire emissions and meteorology, whereas meteorological variability dominates in the tropics. The exception to this appears to be during specific episodes, such as El Niño periods, which are typically associated with intense tropical biomass burning that can drive large interannual changes in CO concentrations globally. Notably, though, El Niño periods are also associated with altered transport patterns such as the reversing of trade winds which can lead to the westward export of Indonesian wildfires. At one site in Wendover, UT (39.9 • N, 113.72 • W; 1320 m a.s.l.), Szopa et al. (2007) show that from 1997-2001 biomass burning emissions contribute 25-51% to modeled CO interannual variability.
The focus of this paper is on the interannual variability of long-range transport of East Asian pollution (particularly CO) Weiss-Penzias et al., 2006 Swartzendruber et al., 2006; Wolfe et al., 2007) . In brief, Mt. Bachelor is an isolated volcanic peak located in the Deschutes National (coniferous) Forest and is home to a ski resort on the east face of the mountain. The nearest populated areas are Bend (pop. 65 210), 31 km to the east and Redmond (pop. 21 109), which is 53 km northeast of MBO. Winds at the summit usually have a strong westerly component, so it is rare that anthropogenic pollution from either town reaches the station. Eugene (pop. 142 180) is mainly a university-town located 140 km west of MBO and is the only major population center between MBO and the Pacific coast. Instrumentation is housed in the ski lift building on the mountain's summit. The lift itself is electric; the only emissions at the summit are due to the occasional passes of snow-grooming equipment. Contamination from these groomers is easily identified by spikes in NO x , CO and aerosol scattering coefficient and has been screened out for our analysis. The sampling inlet line for gaseous measurements is 5/8 OD PFA tubing and is located ∼15 m above the instrument room and 4 m above the roof of the building. Ambient air is drawn through a 1 µm Teflon filter and into a gas distribution manifold at a rate of ∼20 slpm. All trace gas measurement systems are connected to this manifold, except the Hg instrumentation, which has its own specially-designed inlet . Basic meteorological measurements (temperature, relative humidity (RH), ambient pressure, wind speed and direction) are collected near the inlet. Water vapor has been calculated using ambient temperature and RH measured from a Campbell Scientific HMP 45 C probe that is calibrated every six months. Beginning 26 April 2006, a second Campbell Scientific HMP 45 C probe was installed in an area that is sheltered, but still exposed to ambient conditions, to obtain measurements from a probe that was not as susceptible to riming. A Licor 6262 (calibrated every six months) also measured water vapor until 1 April 2006. CO was measured using a TECO 48 C-TL nondispersive infrared instrument. It was zeroed every 20 min and calibrated daily using a working standard that was referenced to three standard reference gases (provided by ESRL in Boulder, CO, NIST and Scott-Specialty Gases). During INTEX-B, the same standard reference gas was used at MBO and on the Duchess aircraft (Swartzendruber et al., 2008) . Comparisons between MBO and Duchess CO calibrations agreed within 1-2% (P. Swartzendruber and D. Jaffe, unpublished work) . O 3 was measured with an UV absorption instrument (Dasibi, Inc.). It was calibrated quarter-annually with an O 3 transfer standard referenced to a State of Washington primary O 3 standard. Sub-micron aerosol scattering coefficient at 532 nm (σ sp ) was measured with a Radiance Research integrating nephelometer through its own inlet of nonconductive tubing. It was calibrated quarterly with pure CO 2 gas. The σ sp data in this paper are presented at ambient pressure and temperature. Total airborne mercury (THg) was measured from March 2004-March 2005. Thereafter, a speciation component was added, allowing separate measurements of elemental mercury (Hg 0 ), particulate mercury (PHg) and reactive gaseous mercury (RGM). Instrumental design and specifications for the Hg measurements at MBO are discussed at length in Swartzendruber et al. (2006) . During INTEX-B acyl peroxy nitrates (APNs) were measured at MBO using a custom-built thermal dissociation chemical ionization mass spectrometer, or TD-CIMS (Wolfe et al., 2007) . The 1σ uncertainty for the hourly-averaged data was: 1% for CO, 1% for O 3 , 5% for σ sp , and 1% for Hg. Bey et al., 2001) is driven by assimilated meteorological data compiled at the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAO), which include winds, temperature, surface pressure, water content, clouds, precipitation, convective mass fluxes, mixed layer depth and surface properties. It has been used extensively in chemical transport studies in the Northeast Pacific (Liu et al., 2003; Goldstein et al., 2004; Liang et al., 2004 Liang et al., , 2005 Wang et al., 2006; Auvray et al., 2007; Zhang et al., 2008) and at MBO Liang et al., 2007 (Fig. 1) .
The GEOS-Chem model calculates mixing ratios for 55 vertical layers, or "sigma-levels". The atmospheric pressure of these sigma-levels varies depending upon the underlying topography and elevation above sea level. Sigma-levels 5 through 7 (i.e., pressure levels from 746 hPa-574 hPa) best match the observed CO values at MBO for most meteorological conditions and/or seasons. Therefore, we have averaged the results from sigma-levels 5-7 for our analysis.
The model was run using monthly archived OH fields, as well as climatological, monthly varying anthropogenic emissions scaled to 1998 using the approach described by Bey et al. (2001) and biomass burning emissions from 1996-2000 . Using constant, climatological emissions allows us to analyze the role meteorology played in the interannual variability of CO. Tagged Asian fossil fuel CO emissions were output for the box bounded by 65-146 • E, 9 • S-90 • N, and tagged Asian biomass burning CO emissions were constrained to the region covering 65-146 • E, 9 • S-45 • N. The model comparison with MBO and its implications are discussed in more detail in Sect. 4.2.
MOPITT and TES satellite descriptions
Carbon monoxide in the troposphere is routinely retrieved from thermal infrared measurements by the Tropospheric Emissions Spectrometer (TES; Beer et al., 2001 ) and Measurements of Pollution in the Troposphere (MOPITT; Drummond and Mand, 1996) instruments on-board the Aura and Terra satellites launched in July 2004 and December 1999, respectively. MOPITT CO products have been evaluated by comparisons to aircraft and ground-based measurements (Emmons et al., 2004 Warner et al., 2007) . Emmons et al. (2004) show a good overall quantitative agreement between MOPITT and in situ profiles with a small average positive bias (i.e., MOPITT senses larger values) at all altitudes. The standard deviation of the mean biases is large, however, particularly for the lower troposphere (∼20%). The large positive biases tend to be seen most frequently in clean environments, such as the remote oceans. Emmons et al. (2007) find that, over North America at 700 hPa, MOPITT has a bias of 9-17 ppbv when compared to in situ profiles, which is consistent with Emmons et al. (2004) and within the design criteria for 10% accuracy. Warner et al. (2007) also find a positive bias in MOPITT of 15-20 ppbv in the lower atmosphere over the oceans as part of evaluation exercises during the INTEX-A campaign. Similar evaluation exercises have been carried out for TES retrievals, though they are fewer in number (Osterman et al., 2005; Luo et al., 2007a) . Luo et al. (2007a) compare TES profiles (which are most sensitive to CO between ∼700-200 hPa) to aircraft profiles (performed from the surface to ∼300 hPa) during INTEX-B and find good agreement over the Houston area, with TES detecting CO mixing ratios that are only 0-10% less than the aircraft profiles. Validation efforts were not as successful near Hawaii and over Anchorage, Alaska, where long-range transport of pollution created well-defined plumes that the aircraft specifically flew into but TES may not have passed over. These latter attempts exemplify the challenging nature of obtaining good comparisons between satellites and aircraft. Luo et al. (2007b) show how different TES and MOPITT retrievals can be from each other, but present techniques to bring the retrieved profiles into better agreement (such as adjusting the TES profiles to the MOPITT a priori and vertically smoothing the MOPITT profiles by the TES averaging kernels).
The retrieved profile from each platform is a linear combination of the averaging kernel-weighted true and a priori profiles in conjunction with retrieval errors (Luo et al., 2007a, b) . There are significant differences in the a priori profile and covariance matrix constraints for TES retrievals and those adopted by MOPITT; these are described by Kulawik et al. (2006) and Deeter et al. (2003) , respectively. In brief, the main difference is that TES CO retrievals select a priori profiles given by the MOZART chemical transport model (Brasseur et al., 1998) . Monthly mean mixing ratios in 10 • latitude by 60 • longitude bins are used to create the a priori profiles assumed for TES retrievals . In contrast, MOPITT uses a single CO a priori profile derived from several hundred in situ profiles distributed globally (Deeter et al., 2003) .
In our analysis, we calculated monthly mean CO from MOPITT and TES using only daytime data, as several studies have shown that nighttime satellite data tends to have larger biases due to weaker thermal gradients in the vertical (Emmons et al., 2004 . In general, daytime observations should produce better thermal contrast conditions between the surface and lower troposphere because of surface heating due to the absorption of solar radiation (Deeter et al., 2007) . The averaging kernels for both TES and MOPITT throughout the lower troposphere are very similar, indicating that the CO information in the retrievals comes mainly from the 700-500 hPa layer, with some additional information in the upper troposphere . As a result, we present daytime-only, lower-to mid-tropospheric results. These vertical levels also correspond fairly well with the free-tropospheric altitude of MBO (∼730 hPa). We use retrievals from a regional box over the Northeast Pacific Ocean ( Fig. 1 : 40 • -48 • N, 125 • -135 • W) for our analysis since this provides a measure of CO without impacts from topography (causing changes in column density) and variable surface temperature and emissivity. This is the first time monthly mean L3 TES data products have been published (courtesy of M. Luo and G. Osterman, 2007) .
Meteorological index of long-range transport
To assess the relative degree of trans-Pacific transport of Asian pollution to MBO, we employ the Asian long-range transport (ALRT) index developed by Wolfe et al. (2007) . It uses 10-day kinematic backtrajectories calculated from the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph, 2003 ; http://www. arl.noaa.gov/ready/hysp info.html). The model was run with FNL meteorological data (Final Global Data Assimilation System), which has a 6 h temporal resolution, 191 km 2 horizontal resolution and vertical information from 13 pressure levels ranging from 1000 to 20 hPa. While the GDAS dataset has greater vertical and temporal resolution, significant gaps exist in the GDAS data for the periods of interest in this study. Twenty-five backtrajectories are calculated in a 0.5 • by 0.5 • horizontal grid at 100 m vertical intervals from 0 to 2900 m above ground level (a.g.l.) for every hour of the study period (1 March-31 May of 2005 and 2006) . The number of hours each backtrajectory particle spends in the Asian boundary layer (bounded by: 0-3 km and 20-45 • N by 100-130 • E, which covers the heavily developed and industrial region of east-central China and Korea) is counted and then averaged over the 25 backtrajectories for that initialization time and altitude. Thus, an "ALRT Index" value of 20 h could be interpreted to mean that an "average" backtrajectory particle spent 20 h in the boundary layer of the Asian box before transport to MBO. This method, and techniques very similar to the one presented here, have been used successfully in several studies (Stohl et al., 2002; , 2006 Hafner et al., 2007; Wolfe et al., 2008) . The reader is referred to Weiss-Penzias et al. (2006) and Wolfe et al. (2007) for more details on the development of this index and its use in analysis of trace gas observations. period. Ozone is significantly different between the driest and wettest 1/3 of data. This is to be expected as dry air is typically associated with descending free tropospheric (FT) air which is rich in O 3 . In contrast, the wetter boundary layer (BL)-influenced air shows smaller O 3 concentrations reflecting the strength of regional deposition as well as the scarcity of O 3 precursors (e.g., NO x =NO+NO 2 ) sources in the area. The other significant difference between the dry and wet data can be seen in measurements of Hg species. Swartzendruber et al. (2006) (Jaffe et al., 1999 (Jaffe et al., , 2001 Goldstein et al., 2004; . 
INTEX-B results from MBO

Interannual changes in springtime CO: GEOS-Chem chemical transport model
To understand what drove this significant change in CO we compared measurements from MBO to total and Asiantagged CO using GEOS-Chem model sigma-levels 5-7. The magnitude of the percentage change is greater in the Asian-tagged CO (−4% to −7%) than in total CO (+7% to −6%), indicating that the simulated decline is at least in part driven by changes in trans-Pacific transport of Asian CO. Results from the individual upper sigma-levels (6 and 7) show an even greater CO decrease (5-9%). The GEOS-Chem results using climatological emissions do not fully capture the observed changes in CO, arguing that some change in emissions probably occurred as well. This will be discussed in more detail in Sect. 7.
4.3 Interannual changes in springtime CO: MOPITT and TES satellite retrievals (2006) note, we should not expect CO mixing ratios from MOPITT mid-tropospheric retrievals (or those from TES) and measurements from a single point in space (e.g., MBO) to be quantitatively comparable as they sample different parts of the troposphere. Furthermore, MBO is in a region of complex terrain (Cascade Range), so in an effort to minimize the issues of topography while retaining some geographic representation, we used the over-ocean box for our retrievals and report the CO changes in Fig. 3 as percentages rather than mixing ratios. In Fig. 3 
INTEX-B (spring 2006) vs. spring 2005: analysis and implications
Backtrajectory analysis of Asian long-range transport to MBO
To examine the role of trans-Pacific pollution transport, we compare our CO measurements with an ensemble backtrajectory analysis described in Sect. 2.4. Figures 6a and 7a display the average residence time in the East Asian box for backtrajectories initialized at MBO for 2005 and 2006, respectively. A timeseries from each spring is plotted as a function of backtrajectory initialization altitude. Such plots illustrate ALRT events at MBO when the colors appear in the region between (or below) the dotted lines. Such instances represent the transport mechanisms necessary to sample ALRT plumes at lower tropospheric sites. Whenever the color protrudes from the top of the plot, it implies that an airmass that has spent time in the BL of the predefined Asian box is subsiding. These plots are calculated from backtrajectories originating at MBO, so any subsidence inferred from them is occurring near MBO or off the west coast of North America. Such a synoptic set-up is a springtime climatological feature described in more detail by Zhang et al. (2008) . However, subsidence is not the sole transport mechanism responsible for bringing Asian emissions to the US FT and is not the only explanation for the patterns seen in Figs. 6 and 7. Emissions in the Asian BL can be lofted into the FT. These pollutants can then be horizontally advected across the Pacific and reach the FT along the west coast of North America. Pollutants at higher elevation will be transported more rapidly due to faster winds aloft. Subsidence may bring the pollutants to lower elevations over North America, but this depends on the specific meteorological situation. However, this does not change the result that the ALRT transport index is well-correlated with tracers emitted in the Asian BL. Figures 6 and 7 , therefore, not only indicate periods of subsidence (when the color descends from the top of the plot), but also transport of emissions from the Asian BL via advection (when color appears between the dotted lines, but is not connected to color from aloft).
Using Figs. 6a and 7a to compare predicted ALRT events with observations at MBO requires choosing HYS-PLIT output from a representative altitude. The trajectory model calculates ground level for MBO to be 1.0-1.1 km a.s.l., whereas the actual observatory on the summit is at 2.76 km a.s.l. Thus, MBO is ∼1.7 km AGL for the FNL meteorological dataset. However, as Weiss-Penzias et al. (2006) discovered, it is often necessary to analyze backtrajectories at several initialization altitudes to adequately capture descending LRT plumes.
In Figs. 6b and 7b , we plot the timeseries of the ALRT index (defined as the average number of hours the five backtrajectories initialized between 1.7 and 2.1 km AGL spent in the Asian box) for 2005 and 2006, respectively. Overlaid in red is the hourly timeseries of CO observations from MBO. Times when observed CO enhancements align with spikes in the ALRT index are highlighted with yellow boxes.
A direct correlation between CO concentrations and the ALRT index should not necessarily be expected as there are numerous other influences on the air sampled at MBO. In particular for CO, biomass burning emissions from Indonesia, Siberia and Alaska have been observed at MBO and other ground sites in the northwestern US (Bertschi et al., , 2005 Jaffe et al., 2004; Weiss-Penzias et al., 2007) . Additionally, not all airmasses that have a long residence time in the Asian box will reach MBO with elevated CO levels as dilution and other chemical loss processes may deplete plume concentrations during transport. This is particularly true for shorter-lived species such as aerosols. (Fig. 6a) . In most instances, these ALRT episodes coincide with observed enhancements of CO and other pollutants at MBO. After mid-April 2005, however, there is a substantial decline in the ALRT influence. This is reflected in the CO measurements as well. In contrast, Fig. 7 We have selected times when the ALRT index in Figs. 6b and 7b is greater than 20 h as being times when there is a potentially strong influence from the BL of the East Asian box. The largest CO enhancements tend to be observed when the ALRT index value is above 20 h (see highlighted boxes in Figs. 6b and 7b ). These times are compared to water vapor data collected at MBO. Both the ALRT index and the MBO water vapor measurements have 1 h resolution, so we compare the magnitude of the ALRT index to the water vapor values at the same time. Figure 8 shows times when the ALRT did not reach MBO until much later in the spring (when wetter air is being sampled more often at MBO). Furthermore, the results show that segregating MBO data by the driest 1/3 is indeed a good first indicator of FT (and therefore potentially ALRT-influenced) air. This is certainly not to say that ALRT pollution cannot be seen in air with greater water vapor or RH, but rather that the enhancements due to ALRT are more probable in dry air. In fact, Wolfe et al. (2007) separated their data into three distinct sets -"ALRT", "no ALRT" and "all" -and found that median water vapor as observed at MBO varied minimally between the three datasets, indicating that ALRT is not necessarily restricted to dry FT airmasses.
Other indicators of
Interannual variability of CO in the western US and
Northern Hemisphere Figure 9 shows Mid-tropospheric monthly mean TES and MOPITT CO retrievals averaged over the entire Northern Hemisphere (NH) are also shown in Fig. 9 . Similar patterns of decline in CO (though slightly smaller in magnitude) are seen over the entire hemisphere as was seen over the Northeast Pacific (Fig. 3) . As might be expected, the changes are more nuanced when averaging spatially over the entire NH and accounting for the lower temporal resolution of satellite data, but there is still evidence of some large-scale changes. 
Potential changes in CO emissions: the role of biomass burning
The results presented in the previous section, coupled with findings from the GEOS-Chem simulations using constant, climatological emissions, indicate that variability in transport alone is not sufficient to explain the observed interannual variations in CO. The episodic nature and large interannual variability of CO emissions from biomass burning appears to be the most likely non-meteorological cause.
There have been several studies into the impacts of wildfires on tropospheric composition for the period of interest in this study (van der Werf et al., 2006; Stohl et al., 2007; LePage et al., 2008; Tansey et al., 2008) . Tansey et al. (2008) anomaly is important in terms of pollution transport because CO emitted during winter tends to be longer-lived due to decreased OH mixing ratios (Holloway et al., 2000) .
Corroborating this finding are results from the Naval Research Laboratory's global aerosol model (NAAPS, http://www.nrlmry.navy.mil/aerosol web/Docs/ globaer model.html), as presented in Fig. 11 . Figure 11a -c illustrates an example of the influence emissions from fires in Southeast Asia had in the Northeast Pacific. Figure 11 shows a timeseries of modeled total aerosol optical depth (AOD) and depicts transport of biomass burning emissions originating in Southeast Asia to the Northeast Pacific from 00:00 UTC on 12 April-00:00 UTC on 17 April 2005. Figure 11d -f represents the same timeseries but for AOD attributable to smoke aerosols. The red arrows highlight the transport pathway to the Northeast Pacific via strong southwesterly flow. The transport time from source to receptor is only about 5 days, significantly shorter than typical trans-Pacific transport times (Akimoto et al., 1996; Jaffe et al., 1999 Jaffe et al., , 2003 Liang et al., 2004) . According to the NAAPS model, such transport pathways are common throughout April 2005. Intense biomass burning in Southeast Asia can lead to high smoke injection heights associated with convectively lofted plumes (Kahn et al., 2007 (Kahn et al., , 2008 . These plumes can then be transported rapidly via strong winds in the mid-to upper-troposphere which ultimately tend to subside over the western US.
Further evidence of transport of Southeast Asian wildfire emissions to the Northeast Pacific can be seen in NCEP reanalysis of FT winds from late March to early April 2005 as shown in Fig. 12a. Figure 4a indicates that the CO enhancement observed at MBO occurred mostly from 29 March-5 April 2005 (and remained elevated through most of April). While the NAAPS aerosol transport model shows the Southeast Asian wildfire plume crossing the Pacific into midApril, these wind fields from the NCEP reanalysis show that a Southeast Asia-to-Northeast Pacific transport pathway had established itself a few weeks earlier. Given the prolonged enhancement of CO at MBO (late March through mid-April), both the NAAPS model results and the NCEP reanalysis wind fields support our source attribution. In Fig. 12 , we highlight in red the "India and Thailand" box as described by Yurganov et al. (2008) in their analysis of regional CO burden anomalies. It is clear that wildfire emissions from this region that would be injected to altitudes in the lowerand middle-troposphere (i.e., 700 and 500 hPa) would then be efficiently transported to the west coast of North America due in large part to the shift from purely zonal winds to winds having a strong southwesterly component between 150-170 • E. Figure 12b shows that this feature is a climatological anomaly, so the anomalous wildfire emissions from SE Asia, coupled with the anomalous transport pattern led to the observed CO enhancement. These results are the most convincing evidence that interannual wildfire variability, particularly the unusually strong fires in Southeast Asia during winter 2004 and spring 2005 drove the regional and NH interannual changes in CO presented here.
Conclusions and summary
We observe significant interannual variability in trans-Pacific transport of Asian pollution to western North America between spring 2005 and spring 2006. Ground-based measurements from MBO coupled with GEOS-Chem simulations suggest a significant change in ALRT between the two years. A comprehensive backtrajectory analysis confirms this, particularly for March and April. Results from aircraft measurements during the INTEX-B campaign (Swartzendruber et al., 2008) and the GEOS-Chem model show that the decline in CO from Results from ground site measurements and satellite observations beyond the Northeast Pacific also illustrate declines in lower-to mid-tropospheric CO levels from 2005 to 2006 (though smaller in magnitude than the changes observed at MBO). Regional total column CO burden anomalies from MOPITT satellite retrievals (Yurganov et al., 2008) , Yurganov et al. (2008) to show that wildfire emissions in early spring 2005 caused anomalously large CO burden anomalies. Note the shift from purely zonal winds to those with a strong southwesterly component between 150-170 • E, allowing emissions from Southeast Asia to be efficiently transported to the west coast of North America. Frame (b) shows the climatological anomaly of this feature when compared to 1968-1996. transport pathways elucidated from the NAAPS global aerosol transport model and winds from NCEP reanalysis confirm that unusually strong fires in Southeast Asia played a large role in enhancing CO over the Northeast Pacific and western US in spring 2005, particularly from late March into mid-April. Taken together, the results presented suggest that a combination of: (1) fewer ALRT events reaching into the lower FT over the northeast Pacific in early spring 2006, (2) anomalously strong wildfires in Southeast Asia during early spring 2005 coupled with a transport pathway that allowed for rapid trans-Pacific transport to the west coast of the US, and (3) a slightly different synoptic pattern over western North America that was more conducive to downward mixing in 2005, drove the observed interannual changes in CO. We have shown that there can be a high degree of interannual variability in CO. This highlights the scientific importance of continuous monitoring of both species since selective temporal sampling will not provide a true picture of annual and interannual atmospheric variability.
